In this paper, we propose a novel tunable power splitter based on symmetric Mach-Zehnder (MZ) structure to achieve the polarization-insensitive and broadband performance. This good performance is realized by utilizing two 3 dB broadband directional couplers and square waveguides in a conventional symmetric MZ structure. Based on thermo-optic effect, the power splitting ratio of our power splitter for the TE and TM modes can be equally controlled in a wide operating bandwidth of 63 nm. Our results show a low polarization-dependent loss of 0.001-0.089 dB over a wide wavelength range of 1541-1604 nm.
Introduction
Optical power splitters are fundamental optical devices that have been widely used for distributing and combining light signals. On the other hand, the silicon-on-insulator (SOI) platform is considered as one of the most promising integrated platforms to solve the present bottlenecks of traditional electrical interconnects [1] . While silicon photonic devices face fundamentally an intrinsic limitation of polarization sensitivity caused by the high refractive index contrast between silicon (Si) and silica (SiO 2 ). An integrated optical power splitter with polarization-insensitive and broadband tunable performance is highly desired in wide applications, such as on-chip optical sensors [2] , all-optical high-speed signal processors [3] and programmable photonic signal processor [4] . Nowadays, several optical power splitters based on the SOI platform have been reported, such as multi-mode interference (MMI) couplers, Y-branches, tapered waveguides, and directional couplers (DCs). However, all these methods disable to achieve the polarization-insensitivity and broadband tunability in a scheme. As for Y-branches [9] - [11] , their power splitting ratios cannot be tuned once the structure is fixed. Some MMI couples [5] , [6] have the same limitation as Y-branches, while some other MMI couplers [7] , [8] overcome this shortcoming by solutions of refractive-index-related absorption or gain effect and electro-optic effect. However, they suffered from polarization-sensitivity. For symmetric Mach-Zehnder (MZ) structure based on traditional DCs [see Fig. 1(a) ], they are suffered from wavelength-and polarization-sensitivity, which leads to a limited bandwidth and polarization control; the weakness of tapered waveguides is the polarization-sensitivity as well [12] .
In this paper, we propose a novel tunable 2 × 2 power splitter with a polarization-insensitive and broadband performance. Compared with traditional MZ structure, this splitter based on symmetric Mach-Zehnder (MZ) structure with 3 dB broadband DCs [see Fig. 1(b) ] can achieve broadband tunability. In addition, its optically isotropic waveguides (i.e., square waveguide) are intended to further achieve polarization-insensitivity. By the theoretical analysis and numerical simulation, the power splitting ratio of proposed power splitter for TE and TM modes can be equally tuned based on thermo-optic effect. It shows a low insertion loss of <0.49 (0.41) dB for TE (TM) mode and a low polarization-dependent loss (PDL) of <0.0642 dB over a wide wavelength range of 1541-1604 nm (i.e., operating bandwidth of ∼63 nm). These properties are promising for future applications in programmable photonic network [4] and monolithic photonic device [13] .
Theory and Device Design
The designed optical power splitter structure diagram is shown in Fig. 2(a) . It consists of two 3 dB broadband directional couplers (DCs), two equal-length arms (arm1 and arm 2) and a heater placed on arm1. The 3 dB broadband DC includes two traditional directional couplers with different coupling length and the same gap (i.e., L 1 = 6 μm, L 2 = 10.6 μm, and g = 220 nm), and a part of phase delay ( L = 0.156 μm). And 3 dB broadband DCs are built by the rib waveguide with a slab thickness (t slab ) of 0.09 μm. Two arms are built by the strip waveguide with a length of 95 μm. The width (w) and thickness (t) of the whole waveguides are w = 400 nm and t = 400 nm, respectively. And this splitter is based on SOI platform in which the refractive index of silicon and silicon dioxide are n Si = 3.48 and n SiO2 = 1.46 at 1550 nm. Here, finite-difference time-domain (FDTD) method is used to analyze and simulate this structure. The optical source is set as mode source with an absolute optical power of 0 dBm and the boundary condition is set as perfectly matched layer (PML).The performance of our proposed splitter can be analyzed by the following transform matrix as well as traditional symmetric MZ structure [14] :
where c = (1 − κ) 1/2 , s = κ 1/2 , κ and ϕ are the cross power coupling coefficient of directional coupler and the phase caused by heater, respectively. In order to achieve our proposed power splitter, both the 3 dB broadband DCs and arms should be polarization-insensitive. Meanwhile, they have to take the responsibility in the broadband and tunable performance, respectively. In the following, the detail analysis and design of this splitter are divided into two parts: arms and 3 dB broadband DCs.
Arms
To ensure the performance of this splitter, arm1 and arm 2 should be polarization-insensitive and arm1 should have equal thermo-optic tunability for TE and TM modes. It is known that refractive index of materials varies with temperature, which is called "thermo-optic effect". Owing to thermooptic effect, we can make this splitter to be a tunable device. And the thermo-optic coefficient of silicon is positive as well as the most optical materials, i.e., the refractive index of silicon increases with the increasing of temperature. The thermo-optic coefficient (dn/dT) is caused by the convolution of the variation of electronic polarizability (α) and material density (ρ) with temperature [15] :
The electronic polarizability increases and the material density decreases along with the increasing of temperature. We can easily change the refractive index due to the large enough thermo-optic coefficient of silicon [i.e., (dn/dT ) Si = 1.84 × 10 −4 K −1 ] at 1550 nm [14] . In consideration of (1) and (2), the phases of TE and TM modes (ϕ TE /TM ) can be expressed as follows:
Where n TE 0 and n TM 0 are effective indices without heating; n TE e f f and n TM e f f are the effective indices difference caused by thermo-optic effect [(dn/dT ) Si × T , T is the temperature difference] of TE and TM modes, respectively. Here n TE e f f is almost equal to n TM e f f in our design (see Fig. 4 ). In order to achieve tunable and polarization-insensitive performance together, the phase of TE and TM modes should be equal, i.e., ϕ TE = ϕ TM . So the effective indices of both modes without heating (n TE 0 and n TM 0 ) should be identical. According to the reference [17] , the transmittance of different polarizations in the waveguide can be controlled by designing the size of the waveguide's section. The FDTD method is used to analyze the effective index of the waveguide modes. The operation wavelength is set to 1550 nm and the strip waveguide is used; the refractive indices of SiO 2 and Si are set as mentioned before. So when the thickness (t) of waveguide is 0.22, 0.3, and 0.4 μm, the transmittances of different polarizations related to the width (w) of waveguide are analyzed as Fig. 3(a)-(c) , respectively. And the insertions of Fig. 3 show the modal fields of fundamental TE and TM modes (TE 0 and TM 0 ) when w = t = 0.22 μm, w = t = 0.3 μm, and w = t = 0.4 μm (square waveguide), respectively. As seen from the Fig. 3 , the effective indices of TE 0 and TM 0 are equal, i.e., n
e f f , when w = t. That is, these waveguides are optically isotropic when their sections are square (w = t). However, as shown in the insertions of Fig. 3(a) and (b) , the propagation losses of TE 0 and TM 0 are so considerable that they cannot be propagated well in waveguides when w = t = 0.22 μm and w = t = 0.3 μm. The insertion of Fig. 3(c) shows that fundamental TE and TM modes are well bounded in the waveguide when w = t = 0.4 μm. Note that, the effective indices of other higher-order TE and TM modes are significantly smaller than the effective indices of TE 0 . That is, only the zero-order modes of the TE and TM polarizations can be propagated in this waveguide. Therefore we choose the strip waveguide with a section size of w = t = 0.4 μm as the arms of our splitter. Then we analyzed the relationship between effective indices of TE and TM modes and the applied power when w = t = 0.4 μm. As shown in Fig. 4 , the effective indices of TE and TM modes are almost equal, and the difference of them is about 2.77 × 10 −3 .
3 dB Broadband DCs
In order to ensure the polarization-insensitivity of our power splitter and consider that the coupling intensity of rib waveguide is much larger than the strip waveguide, we prefer to adopt the 0.4 × 0.4 μm rib waveguide to build the 3 dB DCs as shown in Fig. 2(c) . As for 3 dB broadband directional coupler, a wavelength-flattened coupling coefficient is required along with the insensitivity of polarization. The principle of DC is illustrated as follows: light is launched into one port of DC, then excites even and odd supermodes of two parallel waveguides. The coupling coefficient (κ) which relates to the beat length of these two modes can be expressed as [18] :
and L x = λ 2(n e −n o ) (6) Where L x is the beat length of even and odd modes, z is the coupling length of DC, n e is the refractive index of even mode, and n o is the refractive index of odd mode, λ is the wavelength of input light.
In order to keep polarization-insensitive performance for the same coupling coefficient, the beat length of TE and TM modes should be equal [i.e., (L x ) TE = (L x ) TM ]. Based on (4), the difference of effective index between the even and odd modes should be as same as possible for TE and TM modes, i.e., (n e − n o ) TE = (n e − n o ) TM . Here (n e − n o ) is affected by the gap of DC when w = t = 0.4 μm. Next, the FDTD method is used to determine the gap of DC. As shown in Fig. 4(a) , (L x ) TE/TM is proportional to the gap of DC respectively, and (L x ) TE is about 4 μm different from (L x ) TM . Moreover, the minimum value of gap is 195 nm due to that the modal fields in coupling arms rotate partially at this value as the insertion of Fig. 4(a) . Meanwhile, we should try to minimize the gap as possible as for a short coupling length in our design. Fig. 4(b) shows the difference of beat TM ] between TE and TM modes when g is in the range of 200-230 nm. It can be observed that the value of L x is the minimum of 4.03 μm when g = 220 nm. However, this minimum value can't meet our previous need of (L x ) TE = (L x ) TM , which leave a very weak polarization sensitivity [see Fig. 4(d) ]. Further optimization should be taken in the following.
As seen from the (1), the bandwidth of our power splitter depends on DCs'. Hence the DC with a wavelength-flattened coupling coefficient (k) is expected for a broadband splitter, where the coupling coefficient is a function of wavelength. If the flat areas of the coupling coefficient for TE and TM modes are identical, both the polarization-sensitive performance and operating bandwidth will be improved. In the paper, a broadband DC is achieved by connecting two traditional directional couplers with a phase delay [19] . And the coupling coefficient of the broadband DC is as follows:
where L e (λ) and L x (λ) are the effective length of the bent part and beat length of DCs, β (λ) is the propagating constant, L 1 and L 2 are the length of straight part of these two DCs, and L is the length of the phase delay. In ( Fig. 4(d) gives a monotonically increasing coupling coefficient in the traditional DC for TE and TM mode, respectively. Compared with the traditional DC [see Fig. 4(d) ], this designed broadband DC has a flat coupling coefficient varying from 0.45 to 0.5 in the wavelength range from 1493 to 1597 nm in Fig. 4(c) . Meanwhile, a higher uniformity for TE and TM modes is obtained within ±0.012 owing to the inequality of the two couplers and the two arms transmitting out of phase. Here, the uniformity means the difference between the coupling coefficient of TE and TM modes. Therefore, this feature could enable a wide operating bandwidth and the polarization-insensitive performance is further improved.
Simulation Results and Discussion
The transmittances at the "out1" port and "out2" port when the TE or TM light was inputted are plotted in Fig. 6 as a function of the applied power at 1550 nm. The power splitting ratio of this splitter can be controlled by changing the power of heater. When the power of heater is tuned from 0 to 23 mW, the output power of "out2" port can be change from total "on" to "off". Moreover, the uniformity of power for TE and TM modes is high, i.e., the splitter can have the same power splitting ratio at the same power for both TE and TM modes. From Fig. 6 , the insertion losses of this splitter are evaluated to be 0.432 dB and 0.368 dB for TE and TM modes, respectively. Thus the PDL of power splitter is 0.064 dB at 1550 nm in our simulation. Here, PDL refers to the difference of maximum transmittance between TE and TM modes, Next, the theoretical transmittance and simulated transmittances of four power splitting ratios, i.e., 0:1 (0 mW), 1:9 (5 mW), 1:1 (11.6 mw), and 1:0 (23 mW), in our splitter for TE and TM modes are shown in Figs. 7 and 8(a)-(d) , respectively. Fig. 7 shows the theoretical transmittance based on (1) with ideal phase ϕ and the coupling coefficient of 3 dB broadband DC. Under the premise of ensuring the splitting ratio, a variance of ±0.2 dB in transmittance is permissible when the operating bandwidth is selected. For example, the operating bandwidth of splitting ratios of 1:9 and 1:1, it should maintain the transmittance of −10 ± 0.2 dB and −3.5 ± 0.2 dB for out1-port, respectively. Note that we consider the power of splitter is off (i.e., "0") when the transmittance is less than −20 dB. So, the operating bandwidths of these power splitting ratios are 1500-1604 nm (0 mW), 1513-1617 nm (5 mW), 1541-1647 nm (11.6 mW), and 1428-1653 nm (23 mw) as the yellow areas of Fig. 7 . Thus the operating bandwidth of our power splitter is 1541-1604 nm, i.e., the intersection of these four working bandwidths. The insertion loss of this splitter can be evaluated as about 0.48 (0.41) dB for TE (TM) polarization within the wavelength range of 1541-1604 nm. Fig. 8(b) and (c) reveal the transmittance spectra of another two power splitting ratios, 1:9 and 1:1. It can be seen from these two figures that the PDL for TE and TM modes is 0.001-0.089 dB within the wavelength range of 1541-1604 nm. And Fig. 8(a) and (d) show the transmittances of two switching splitting ratios, i.e., 0:1 and1:0, respectively. The extinction ratios at 1550 nm are 34.6 (42.9) dB and 41.9 (40.7) dB for TE (TM) mode, respectively. By comparison, the variation trends of Fig. 8 are most agreed with our theoretical analysis in Fig. 7 . However, there are central wavelength shifts due to the different phase introduced by thermo-optic effect at different wavelength (see Fig. 8 ). Finally it results that the bandwidth at different power splitting ratio is shifted and operating bandwidth of our splitter is decreased. Note that the transmittance previously mentioned refers to the ratio of output power to input power.
Furthermore, we analyzed the tolerance of this structure by assuming that the change of the waveguide width occurs symmetrically with respect to the center of the waveguide. In Fig. 9 , the transmittances of splitting ratio 1:1 for TE and TM modes with gap and waveguide width of (g, w)
= (210, 410), (220, 400), (230, 390) nm are shown. It should be noted that, when the gap varies 220 ∓ 10 nm and the waveguide width varies 400 ± 10 nm, the work band of the splitter is still close to the workable state (g = 220 nm) significantly. So, this splitter has a tolerance of ±10 nm for gap and waveguide width which accords with the machining precision.
